Abstract. In order to provide effective options for minimally invasive treatment of spinal metastases, the present study retrospectively evaluated the efficacy and safety of image-guided minimally invasive percutaneous treatment of spinal metastases. Image-guided percutaneous vertebral body enhancement, radiofrequency ablation (RFA) and tumor debulking combined with other methods to strengthen the vertebrae were applied dependent on the indications. Percutaneous vertebroplasty (PVP) was used when vertebral body destruction was simple. In addition, RFA was used in cases where pure spinal epidural soft tissue mass or accessories (spinous process, vertebral plate and vertebral pedicle) were destroyed, but vertebral integrity and stability existed. Tumor debulking (also known as limited RFA) combined with vertebral augmentation were used in cases presenting destruction of the epidural soft tissue mass and accessories, and pathological vertebral fractures. A comprehensive assessment was performed through a standardized questionnaire and indicators including biomechanical stability of the spine, quality of life, neurological status and tumor progression status were assessed during the 6 weeks-6 months follow-up following surgery. After the most suitable treatment was used, the biomechanical stability of the spine was increased, the pain caused by spinal metastases within 6 weeks was significantly reduced, while the daily activities and quality of life were improved. The mean progression-free survival of tumors was 330±54 days, and no associated complications occurred. Therefore, the use of a combination of image-guided PVP, RFA and other methods is safe and effective for the treatment of spinal metastases.
Introduction
The spine is a common site of metastasis in cancer patients. Spinal metastasis is observed in 60-70% of patients with systemic cancer; the frequency with which spine metastases are detected varies considerably with the type of primary tumor (1) . Common tumors with a high rate of metastasis to bone include tumors of the breast (72%), prostate (84%), thyroid (50%), lung (31%), kidney (37%), and pancreas (33%) (1) . The incidence of spinal metastases is increasing due to early detection and advances in the treatment of the primary tumour. In the United States alone, >350,000 cases of spinal metastasis are reported each year due to prostate, breast, kidney, lung, and thyroid cancers (2) . Due to a more profound understanding of the disease and higher quality of life requirements, an increasing number of patients undergo surgery for the treatment of spinal metastasis (3) . Surgical intervention methods, including multi-channel minimally invasive treatment under radiological guidance, are currently commonly used in the treatment of the disease (4). The curative effect of spinal metastasis treatment by radiofrequency ablation (RFA) (5) , percutaneous vertebroplasty (PVP) (6, 7) or a combination of PVP and RFA has greatly improved in recent years, as also observed at the Second Affiliated Hospital of Xi'an Jiaotong University Medical School (Xi'an, China). Real-time image-guided RFA is a minimally invasive treatment recently developed for treating vertebral tumors, using imageguided positioning of an electrode in the lesion to kill malignant cells percutaneously with minimal damage to adjacent healthy tissues (8) . Augmentation through the injection of a reinforcing biomaterial (PVP), is a popular, minimally invasive intervention for the stabilization of fractured vertebral bodies (9) . Through the use of these therapies, pain resulting from osteolytic bone metastases of the spine is relieved immediately, while the spinal strength and stability are increased, vertebral collapse is prevented, the activity status of patients is improved and local tumor cell death is increased.
In the present study, the clinical data of patients treated with a combination of PVP and RFA were retrospectively analyzed. Basic characteristics of the patients treated with RFA combined with PVP were collected prior to surgery and are shown in Table I . Karnofsky index scores were determined for all patients (as percentages), based on the following evaluation criteria (10): 100%, normal activity, no complaints and no evidence of disease; 90%, able to perform normal activities, minor signs or symptoms of disease; 80%, normal activity with some effort required, and some signs and symptoms of disease; 70%, cares for self, but unable to perform normal activities or work; 60%, occasionally requires assistance, but can care for the majority of personal needs; 50%, requires considerable assistance and frequent medical care; 40%, disabled patient, requiring special care and assistance; 30%, severe disability, requires hospital admission, but vital signs were stable; 20%, highly severe disability, requiring hospitalization and active supportive treatment; 10%, moribund, with rapid progression of fatal processes; 0%, mortality. In addition, the Pain Disability Index score was determined, which indicates the degree to which the daily lives of patients are disrupted by chronic pain (0, no effect; 10, maximum effect) (11) . The PDI was determined by investigation of seven categories, including the ability to perform family responsibilities, recreation, social activities, occupation, sexual behavior, self-care ability and life-support activities.
Patients and methods

Patients
Surgical materials and equipment. Simplex P bone cement (also known as polymethylmethacrylate) was obtained from Stryker Corp. (Mahwah, NJ, USA). For PVP, Murphy Coaxial-M2 bone access needles (gauge, 11 and 13) were purchased from Cook Medical Inc. (Bloomington, IN, USA). Hi-Visco Flow cement pressurized syringe and pasteurized barium sulfate were purchased from Heraeus Medical GmbH (Wehrheim, Germany). Siemens Axiom Artis dFA angiography system along with X-Leonardo VA60B work stations were obtained from Siemens Healthcare (Erlangen, Germany).
Preoperative preparation. Preoperative assessments of cardiopulmonary function and blood coagulation function were performed, which involved analyzing the number of lesions in the spine, the size of the lesion site, soft tissue mass and infiltration, spinal cord compression and spinal stability. Lesion locations and size were determined by computed tomography (CT) and magnetic resonance imaging in all the patients. CT was performed using a Lightspeed VCT-XT (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). MRI was performed using Magnetom Avanto 1.5T (Siemens AG, Munich, Germany). The preoperative imaging data of lesions and adjacent tissue were analyzed. Care was taken to mimic the puncture route of surgery before the procedure. Phenobarbital sedation (2% lidocaine; 200-400 mg; Shanghai Sym Pharma Co., Ltd., Shanghai, China) was performed 30 min before surgery.
Interventional surgery method. Using digital subtraction angiography (DSA) guidance with a Siemens Axion Artis dFA angiography, the vertebral lesions were identified and marked to select an appropriate puncture route. Surgery divided into the following steps: i) Puncture: Lidocaine anesthesia (2%) was performed and the patient was punctured layer by layer to the pedicle periosteal and the bone cortex. A puncture was performed into the vertebral lesions with an 11-G or 13-G needle (Osteosite Bone Biopsy Needle Murphy M2; Cook, Bloomington, IN, USA) the transfixion pin method, according to CT simulation of the puncture route; ii) RFA: The pin core was pulled out of the lesion and a radiofrequency (RF) electrode needle was injected into the target location under fluoroscopy. The gauge size of the Data are presented as the mean ± standard deviation, with the range in parenthesis. The PDI indicates the degree to which the daily lives of patients are disrupted by chronic pain (0, no effect; 10, maximum effect). RFA, radiofrequency ablation; PDI, pain disability index.
needle was selected according to the tumor size, and the needle was then connected to the RF signal generator; and iii) PVP injection of bone cement: The RF pin was removed, the pin core was inserted into the needle cannula, and then the needle was inserted up to 1/3 of the anterior vertebral body under fluoroscopy. The pin core was pulled out, and barium sulfate mixed with polymethylmethacrylate cement (Simplex P; Stryker Orthopaedics, Mahwah, NJ, USA) was injected slowly using Hi Visco Flow bone cement pressurized syringe. When Visco Flow bone cement pressurized syringe slowly, the entire injection process was monitored by DSA until the bone cement distribution was homogeneous.
Hematoxylin and eosin staining. Following CT scanning, the puncture plane was determined according to scan images and the most obvious pathological lesions were selected. Under local anesthesia, a puncture needle was inserted via the predetermined path to reach the predetermined depth and position. Once the puncture position was confirmed, the targeted tissue was harvested 2 to 3 times from different directions. The tissue samples were frozen and subsequently subjected to hematoxylin and eosin staining.'
Visual analog scale (VAS).
Pain intensity was determined according to the VAS scores of patients (12) . The commonly used approach involves the use of a 0-10 scale, where '0' indicates no pain and '10' stands for highly intense pain. Patients were instructed to mark the corresponding position on the rule that represented their degree of pain. In the present study, patients were followed up until mortality or the end of the follow-up period, and VAS scores were recorded immediately and 1, 3, 6, and 12 months after RFA + PVP surgery. The mean follow-up duration was 7.8 months.
Frankel classification. The Frankel classification of patients was analyzed at 2, 6 and >12 months after surgery, as previously described (13) .
Statistical analysis. Results were analyzed using SPSS version 15.0 software (SPSS, Inc., Chicago, IL, USA) for statistical analysis. Parametric data were expressed as mean ± standard deviation and were compared using Student's t-tests. P-values were generated using Wilcoxon signed-rank test for comparisons of the pain at each time point with those prior to surgery. Differences with P<0.05 were considered as statistically significant.
Results
Surgical results.
All the patients successfully underwent surgery under DSA guidance. RFA of vertebral body was first performed, during which the temperature was maintained at 50-100˚C continuously for 5-15 min, and the amount of bone cement injected was 2-7 ml. The surgical success rate of RFA was 100%, with no skin burns, blood vessel or nerve damage, and other complications observed during RFA. During PVP surgery, vertebral disc leakage occurred in 1 case, paravertebral leakage in 3 cases and cement leakage in 2 cases. In addition, 1 patient presented spinal cord compression symptoms, and the condition was improved symptomatically after 7 days with the use of hormones and dehydration. Upon retrospective review of the data, the 2 cases of spinal leakage occurred due to spinal vertebral bone destruction, and the integrity of the vertebral structure was closely associated with the complications. Evident pyknosis was observed in the tumors following RFA using CT imaging, and the mean intraoperative blood loss was 524.5 ml. No mortality cases or cases of postoperative paralysis were observed. The duration of follow-up was >6 months in all cases (range, 7-15 months; mean follow-up, 7.8 months). Effective postoperative pain was relieved, with the exception of 1 patient with primary thyroid cancer patients experiencing local recurrence after 8 months. Furthermore, 2 patients of lung cancer metastasis succumbed to the disease at 7 and 8 months after surgery, since the primary tumor was not controlled successfully.
Pain relief. Pain relief resulting from spinal tumor reduction when compared with the baseline assessment value (prior to surgery) is shown in Fig. 1 using VAS measurements. Due incomplete information, the number of patients was different at each time point of the pain evaluation. Compared with the baseline values, the VAS values and thus the intensity of pain were significantly reduced after surgery.
Frankel classification. Neurological status was evaluated via the Frankel classification of patients analyzed at 2, 6 and >12 months after surgery, based on the following evaluation criteria: A, complete injury (paraplegia); B, only sensory function; C, motor function present, but no practical use (non-amputation); D, motor function present, ability to walk (outpatients); and E, no neurological signs or symptoms. Patients who maintained or regained a status equivalent to Frankel type E or D were considered good responders. Patients who were nonambulatory after treatment were considered nonresponders by this criterion. One patient was paraplegic Figure 1 . Spinal pain VAS scores (relative to the baseline) at various time points after surgery. P-values were generated using Wilcoxon signed-rank test for comparisons of the pain at each time point with that prior to surgery. VAS scores were determined based on a 0-100 mm ruler (0 mm indicated no pain and maximum pain was 100 mm). VAS, visual analog scale.
prior to surgery and at 1 year after surgery among all the follow-up patients. Furthermore, >70% of patients (28/39) were able to walk and presented improved motor function after surgery. The Frankel classification data are shown in Table II .
Although no complications occurred, 4 patients reported side effects associated with RFA. Of these, as a side effect of RFA, 2 patients experienced contralateral lower limb pain and numbness during the procedure; however, the side effect abated when the temperature decreased subsequent to RFA. In addition, 2 patients received high doses of corticosteroids after RFA. Furthermore, 1 patient experienced heaviness in the legs 1 day after RFA and the symptom subsided within 1 week.
Tumor progression. A total of 42 patients participated in the tumor progression survey and subsequent 2-year follow-up. During the 2-year follow-up, 28 of the 42 patients (66.67%) did not present tumor progression. However, 5 patients showed partial tumor progression, with the tumors penetrating into the nerve segments. These patients were retreated with reduced-energy RFA (energy output, <50 W) under local anesthesia. Normally, the typical RFA energy output for paravertebral tumor is >80 W within 15 min. During the follow-up period, the tumors exhibited variable progression rates with a mean progression-free survival of 330±54 days.
Discussion
RFA is a technology of coagulated necrosis that uses a radio wave (450-500 kHz) to vibrate electrodes inserted into the lesions and heat the surrounding tissue (50-100˚C) (14) . Due to the high temperature applied during this technique, controlled intervention and establishing the exact location of lesions are crucial, particularly in high-risk sites such as the spine. Previous studies have demonstrated that a probe placed inside the bone is less likely to cause thermal damage of neural structures (5, 15) . Although the bone tissue appears to have an insulating function and reduce heat transfer, injury to the surrounding tissue, such as muscles, can occur when high heat is applied (16) . There are several possible risks in RFA, including bleeding, infection, injury of adjacent structures and abscesses (17, 18) .
The PVP surgical procedure is performed by percutaneous puncture causing a small and rapid trauma; however, PVP is a palliative treatment aimed at relieving pain within a limited time (19) . It is suitable for older and weak patients with poor tolerance to surgery, but with intact posterior of vertebral and cortical pedicle. PVP can stabilize the fracture, prevent pathological fracture and deformity, and strengthen the spinal stability (20) .
The combination of RFA and PVP for the treatment of malignant tumors of the spine can effectively enhance the strength and hardness of the spine, while causing the death of tumor cells (21, 22) . Selection of the appropriate RF needle position, radio temperature and procedure duration is significant to prevent complications in the RFA treatment of spinal metastases. For the selections of the appropriate parameters, the following must be performed: First, the tumor size and location must be evaluated preoperatively by CT in order to select the appropriate electrode needle to cover the tumor as much as possible. The distance of the electrode needle from important organs, large blood vessels or nerves should be 1 cm or more (4) to ensure safety. In addition, the temperature used during RFA should be appropriately reduced if the vertebral bone cortex was damaged (23, 24) . In the present study, the target temperature was set to 60-75˚C, and no RF induced nerve and spinal cord injury was observed. Although there was cortical destruction of the vertebral bone, the temperature range was safe and feasible. Tumor necrosis contributes to the distribution of bone cement. In the current study, the pathology of specimens obtained from patients prior to and following RFA was investigated. Prior to RFA, a large number of tumor cells and blood vessels was observed in pathological images. Subsequent to surgery, the number of pathologically visible tumor cells was reduced, while a small amount of blood vessels and numerous necrotic tissues were observed.
RFA as a method to kill tumor cells has been used in the clinical treatment of bone and soft tissue tumors (25, 26) . In recent years, an increasing number of scholars attempted to use the RFA treatment technique for spinal tumors. There is a certain risk that the spinal cord is injured during percutaneous RFA treatment of spinal tumors. A number of reports using RFA treatment for spinal tumors demonstrated cancer pain relief, and indicated that approach is minimally invasive compared to surgery, since the spinal nerves are protected by constant cooling via rinsing during the RFA process. Tumor size, vascular occlusion and bleeding during the removal of the tumor were significantly reduced subsequent to RFA (5, 27) . Although complete removal of the tumor is not guaranteed by surgical treatment and RFA, the combination of these treatments can improve the extent and safety of the tumor removal (28, 29) .
RFA is a safe, economical, efficient transdermal technology in the treatment of patients with primary and secondary tumors, as well as unresectable tumors in the spinal canal and those that are insensitive to chemotherapy and radiotherapy (30, 31) . It can prevent or delay tumor progression and the risk of fracture, thus preventing or delaying paraplegia, reducing the pain caused by the tumor, and improving the daily activities and life quality of patients.
In conclusion, RFA combined with PVP for the treatment of spinal metastasis is able to quickly relieve pain, kill tumor cells, increase the vertebral strength and improve the stability of the spine. RFA followed by PVP can reduce the risk of leakage of bone cement, particularly the leakage in vascular extrapyramidal or dura regions, while it can also improve the safety of PVP treatment. Due to spinal metastasis being a systemic disease, there are certain disadvantages of RFA followed by PVP as a topical treatment. Considering the type of the primary tumor, the treatment should be selected according to the individual case. Furthermore, the combination of PVP with various drugs, radiotherapy and further surgical therapy should also be considered in future investigations.
